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The Connectome of a Decision-Making Neural Network
Travis A. Jarrell, 1 * Yi Wang, 1 * Adam E. Bloniarz, 1 † Christopher A. Brittin, 1 Meng Xu, A nimal nervous systems are composed of very large numbers of electrical cells intricately coupled together in complex dynamic networks. Connectionist theories of the nervous system propose that its function is an emergent property of network connectivity. Although the question has been extensively addressed theoretically, the sets of physical connections between neurons within actual nervous systems remain to be described. This is due to the necessity of using electron microscopy (EM) to visualize the subcellular organelles that create the synapses, a technique not amenable to analyzing large structures. To date, the anatomical wiring diagram of only a single animal nervous system has been obtained, that of the adult hermaphrodite of Caenorhabditis elegans, published more than 25 years ago (1, 2) .
We identified all the chemical and gap junction synapses, the connectome, in the posterior nervous system of the C. elegans adult male. This part of the male nervous system contains the circuits and end organs that govern mating behavior (Fig. 1, A and B) . In spite of having a relatively simple nervous system, comprising just 302 neurons in the adult hermaphrodite and 383 in the adult male, C. elegans expresses a rich and complex behavioral repertoire (3, 4) . Many of these behaviors, most notably the sexual behaviors of the male, model the goal-oriented, purposeful activities controlled by decision-making processes characteristic of animal behavior (5) . The wellfed adult male actively seeks out the hermaphrodite mating partner (6) (7) (8) (9) . Physical contact with the hermaphrodite triggers copulation. Copulation consists of a series of stereotyped actions that lead the male to locate the hermaphrodite's vulva, insert its spicules, and transfer sperm (10, 11) ( Fig. 1A and movie S1). This multistep behavioral pathway is guided by the activities of 52 sensory neurons located in sexual structures in the tail acting both directly and through interneurons and motorneurons to control 64 muscles and the gonad (Figs. 1B and 2). For success, the male's reactions must be quick (<1 s), because self-fertile C. elegans hermaphrodites do not cooperate and may even be resistant to mating (12, 13) . The C. elegans male posterior nervous system shows how the nervous system evaluates a multiplicity of environmental inputs, makes a rapid behavioral choice, and generates coherent, purposeful behavior.
EM reconstruction of the mating circuits. We determined the male posterior connectome by serial section EM (Fig. 1, C to H) (14) . The feasibility of comprehensive synapse-level nervous system reconstruction by this method was a primary reason for the initial selection of C. elegans as an experimental model (15) . We developed a PC-based software platform to facilitate assembly of a connectome from electron micrographic images. The connectome is of a single adult animal and was produced from a series of 5000 serial thin sections of 70 to 90 nm encompassing the posterior one-half of the body ( fig. S1 and databases S1 to S4) (16) . It comprises the processes of 170 neurons (89 shared with the hermaphrodite and 81 male-specific) and 64 muscles (24 shared and 40 male-specific) (databases S5 and S6). Among the 170 neurons, 144 lie on synaptic pathways connecting sensory inputs to the end organs involved in mating. These generate the presumptive mating circuits. The remaining 26 neurons, not considered further here, are present in the hermaphrodite as well, with little difference in connectivity and have little or no interaction with male-specific neurons or circuits (database S7).
Properties of the neural network. The 144 neurons, 64 muscles, and gonad that comprise the mating circuits are joined together by both chemical and gap junction synapses (Fig. 3) . To analyze this structural network, we took advantage of the mathematical methods of graph theory. If the connectome is considered as a graph, the neurons and muscles are the nodes or vertices. The links or edges connecting vertices represent the total amount of pairwise connectivity resulting from the often multiple (up to 61) separate synapses connecting pairs of cells ( fig. S2 ). Linked vertices are said to be adjacent or neighbors in the graph. In the graph of the male mating circuits, each vertex has multiple neighbors (Fig. 4A ). Edges may be directed, if they represent chemical synapses or rectifying gap junctions, or undirected, if they represent nonrectifying gap junctions.
The graph of the connectome may be considered to contain three main subgraphs: (i) a directed graph encompassing the neurons, muscles, and gonad and the chemical connections between them, (ii) a graph of the neurons and their gap junction connections, and (iii) a graph of the muscles and the gap junction connections between them (28 gap junction edges connect neurons to muscles) (Fig. 3 ). In addition, there are synapses scattered on the hypodermis. Each of the main subgraphs describes a small-world network (17) . Small-world networks are characterized by having a high value of the clustering coefficient, the probability that, if two vertices are each connected to a common third vertex, then they are connected to each other and, at the same time, low values of the characteristic path length, the average minimum number of edges separating any two vertices. High clustering coefficient suggests local computation, and short path length suggests rapid communication across the network. For the male networks, clustering coefficients are greater than 0.3, and minimum path lengths are < 3 steps between pairs of neurons and muscles (table S1). For the entire hermaphrodite chemical network, also a small-world network, the clustering coefficient is 0.22, and the mean path length is 3.48 steps (2) .
The dynamic properties of a neural network depend on the functional strengths of the synaptic interactions between the cells-in the terms of graph theory, the weights of the edges. To estimate functional strengths from the structure, we judged the physical size of each synapse from the size of the presynaptic density or gap junction structure and summed over all the synapses between each pair of cells (16) fig. S2) . As a result of the variation in both number of synapses between pairs The left column lists the neurons and muscles grouped into mathematically defined "modules" on the basis of their connectivity that match elements of mating behavior (Fig. 1A) ; the right column illustrates the locations of the cell bodies and processes of the key neurons in each module together with the muscles that are targeted (sensory neurons: green; interneurons: blue; motor neurons: red). (C) Response and Locomotion modules. The key sensory input to the Response module is from the B-type neurons of the subset of rays with openings on the ventral side of the fan, rays 2, 4, and 8. The dendritic endings of these neurons will be in contact with the hermaphrodite body when the male is correctly oriented to mate. Experimental evidence indicates that the B-type ray neurons promote the Response step (21, 26) . The Response module drives the Locomotion module, containing body-wall motor neurons, via the command interneurons. (D) R(1-5)A module. Neuromuscular junctions of the A-type ray neurons onto the diagonal and longitudinal muscles are consistent with experimental evidence for a role of these sensory neurons in promoting ventral curling of the tail during mating (25) . (E) PVV module. This module, so-named for the large, male-specific PVV interneuron, has output onto the ventral body-wall motor system, via PVV, and onto the dorsal body-wall muscles, via PDA, PDB, PDC, and AS11. The dual innervation of both dorsal and ventral gender-shared body-wall muscles, mostly bypassing the command interneurons, suggests that this module, like the R(1-5)A module, is involved in aspects of male posture during mating (47) . (F) Insemination module. This module will take over the male's behavior once the vulva is sensed. All the neurons involved in insemination are shown here, although PCA, owing to its strong connection to PVX; HOA, owing to its connection to LUA; and PVZ, owing to its connection to HOA are all in the Response module, whereas SPD, because of its muscle output, and SPV, because of its connection to SPD, are in the Locomotion module (see Fig. 6 ).
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RESEARCH ARTICLE on July 26, 2012 www.sciencemag.org of cells and sizes of individual synapses, total morphometric connectivity weights vary more than 100-fold and cover a continuous range of values (Fig. 4B) . Each neuron has both strong and weak synaptic partners (Fig. 4C) . Structural weights are likely to be related to the functional strengths of the synaptic interactions (18) , but the signs of the chemical interactions, that is whether a given synapse is excitatory or inhibitory, cannot be determined from the electron micrographs.
We next asked whether all of the interactions, including the large number of weak interactions, are likely to be significant to network function. Weak connections (chemical connections of less than 20 sections and gap junction connections of less than 16 sections) carried half the load through the respective graphs (Fig. 4D) . For both chemical and gap junction networks, left-right homologs-presumptively equivalent cells-had similar sets of synaptic partners, and this was true even when only the connections in their weaker set were compared ( fig. S3) (16) . Therefore, at least some of the weaker connections are not random. For the purpose of exploring network structure, we have included all synaptic interactions in our analysis.
Information flow through the network. With the morphological sizes of the physical connections serving as proxies for functional synaptic strengths, the weight adjacency matrices allow us to trace a hypothetical overall information flow through the network from sensory input to end-organ output (Fig. 5A) . Much of this information flow is through monosynaptic pathways. Fifty-five percent of the input to the motor system (muscles, body-wall motor neurons, and command interneurons) comes directly from sensory neurons, including 45% of the input to the muscles themselves. Similarly, 76% of the input to the gonad comes directly from sensory neurons and is expected to control outflow of sperm during mating. The remaining input to the motor system and gonad comes from a subset of 32 neurons that we classify as interneurons because they have considerable output onto other neurons, including motor neurons, but some of them also form neuromuscular junctions and, hence, have motor neuron character as well (databases S8 and S9). Because these interneurons all receive sensory input, much of the remaining information flow to the end organs is through disynaptic pathways, and the network has an overall feedforward-loop architecture. The virtual absence of neural feedback from the end organs means that it is the physical output of the system-the male's motion with respect to the hermaphrodite and sperm transferthat feeds back to the sensory inputs to provide control to the network.
In addition to the interneurons that participate locally in the mating circuits, which we term type I interneurons, a second class of 12 interneurons (type II interneurons) interacts with neurons and end organs in the mating circuits and, in addition, they have a process extending through the ventral nerve cord and into the nerve ring, where they presumably interact with the anterior nervous system through connections that are yet to be determined. Type II interneurons are likely to play a role in coordinating mating with other behavioral programs. In support of this conclusion, the mate-searching behavioral state, which is stimulated by the male rays, requires communication to the anterior through three male-specific type II interneurons-EF1, EF2, and EF3-which receive extensive input from sensory neurons, particularly B-type ray sensory neurons (8) . In the posterior circuits, type II interneurons interact (both input and output) primarily with sensory neurons and, to a lesser extent, with the type I interneurons.
The locally acting type I interneurons can be further subdivided into three subtypes based on the nature of their primary postsynaptic targets (Fig. 5, B and C) . Type Ia, consisting of 14 neurons in six classes, has output primarily onto the end organs-elements of the motor system or the gonad or both. Information flow through the Ia interneurons is strongly feedforward. Type Ib, consisting of 10 neurons in three classes, has output primarily onto type Ia interneurons and also has feedback onto sensory neurons. Type Ic, consisting of seven neurons in two classes, is connected to sensory neurons, type Ia interneurons, and end organs (the spicule muscles) in such a way as to suggest that this class of interneurons mediates ending mating or moving the program to an earlier step (supplementary text and fig. S11 ).
Network community structure identifies subcircuits for separate functions in mating. To map the behavioral program for mating onto the connectome and to ask whether each substep has a dedicated neural substrate, we examined the network for modular architecture (19) . Modules or communities in a graph are subsets of vertices more strongly connected to each other than to vertices in other communities. Using the spectral method (20) for optimal network partitioning, we found that the network could be partitioned with high statistical significance into five meaningful communities (modularity coefficient Q = 0.451; P < 10 −7 ) (Fig. 2) (16) . Other methods for graph partitioning gave similar results (supplementary text). These communities placed the sensory neurons into coherent receptive fields. The neurons and end organs suggest that they contain subcircuits dedicated, respectively, to the search for the vulva [Response step (21) ], locomotion, posture (two communities), and insemination. These functional assignments and the cellular composition of (21) (22) (23) (24) (25) (26) .
Sensory neurons are recurrently connected. Whereas much of the information flow through the network from sensory neurons to end organseither in monosynaptic pathways or through type Ia interneurons in disynaptic pathwaysis feedforward, the 52 sensory neurons are extensively reciprocally and recurrently connected by both chemical and gap junction synapses. Forty-nine percent of the chemical synaptic output of sensory neurons is onto other sensory neurons, and this constitutes input to the sensory neurons that is seven times the feedback from type Ib and type Ic interneurons. Nineteen out of the 36 ray sensory neurons make autapses, constituting 6.9% of their input from sensory neurons. Fifty-eight percent of the gap junction connectivity of the sensory neurons is with other sensory neurons.
Only on the basis of the recurrent connectivity of the sensory neurons and their connections to the type Ib interneurons, the network of sensory neurons could be partitioned into a set of modules similar to those of the entire network (supplementary text) (fig. S6 ). Recurrent and reciprocal connectivity of sensory neurons is expected to amplify input signals through loop gain. Recurrent dynamic networks may exhibit fixed point or attractor behavior characterized by feedback-reinforced stable modes of network activity (27, 28) . Modularity at the level of the sensory neurons suggests that sensory input may drive the network into discrete modes of selfreinforcing activity, each associated with one aspect or substep of the mating program (29, 30) . S10) . Examination of the feedforward circuits through the Ia and Ib interneurons reveals that these circuits are loops in which, for each interneuron class, input sources and output targets are themselves connected (Fig. 6A) . At a finer level of detail, Fig. 6B illustrates this role of the CP(01-06) class in the Insemination module.
The function of a feedforward loop depends on whether the net signs of the two branches are the same (coherent feedforward loop) or opposite (incoherent feedforward loop) (31, 32) . Because the targets receiving input from CP(01-06) would all seem to function together during insemination behavior at the vulva, it appears most likely that the feedforward loops created by the CP(01-06) class are coherent feedforward loops. They pool sensory inputs and may serve to coordinate the actions of end organs that individually receive much of their input from different sets of sensory neurons. Their activity may, in addition, reinforce and sustain the activity within the insemination module. As a similar logic can be applied to the other feedforward loops in the network, each may be a coherent feedforward loop. Coordination and reinforcement of functional pathways that receive multiple sensory inputs and have multiple end-organ targets may be the general function of interneurons and this circuit motif here.
Conclusion. Mating is typically a complex behavior essential for the survival of most species. In the C. elegans male, enlargement of the posterior nervous system in support of this behavior adds some 30% more neurons and complex connectivity equal to that of the entire hermaphrodite nervous system. Connectomics emphasizes the importance of a complete, synapse-level structural description of the nervous system for understanding nervous system function (33) (34) (35) (36) (37) (38) (39) . Our structural analysis allowed us to define the neural substrate for mating behavior, to identify classes of neurons and assign functions to them, and to suggest how the topology of the network of connections contributes to the control of behavioral output. The brain performs certain types of computations far faster, more robustly, and with much less power consumption than digital computers based on semiconductors and Von Neumann architecture (27, 40) . Parallel distributed processing and recurrent connectivity are thought to provide part of the explanation for these properties. Both of these structural principles are present in the C. elegans male mating neural network. Sensory information is aggregated at three levels through the network-at the level of recurrent connectivity among the sensory neurons; at the end organs, which receive direct sensory input from multiple sensory neurons; and at the interneurons. Information flow to each end organ through many parallel pathways will ensure network robustness. Recurrent connectivity among the sensory neurons and between sensory neurons and the type Ib interneurons suggests that, at these levels, the network could have so-called attractor dynamics. Attractor dynamics are characterized by abrupt transitions between selfreinforcing stable modes of network activity (41) (42) (43) . Such rapid shifts in behavior are observed in C. elegans male mating. If the male mating network exhibits attractor dynamics, then, as a transition in network output occurs as a direct result of a change in sensory input, decision-making and behavioral switching are one and the same event. In this way, the structure could provide economy and efficiency. In contrast to the recurrent connectivity of the sensory neurons, aggregation of sensory information at the level of the type Ia and Ib interneurons in feedforward pathways suggests the architecture of a perceptron (44) . Indeed, the system may be considered to solve a pattern recognition or classification problem, where the male attempts to interpret correctly its position with respect to the hermaphrodite.
The set of activity weights in an adjacency matrix of a neural network, upon which the network's input-output function in part depends, may be considered the network's "knowledge" about its environment (45) . Because C. elegans male mating is an innate behavior, the weights in the mating neural network, both physical, as measured here, and functional, are genetically specified. Genetic specification is evident in the reproducibility of the connectivity of presumptively equivalent neurons, such as left-right homologs, as well as in the sexual dimorphism of certain shared neurons (sexual phenotype is thought to be cell-autonomous in C. elegans). Because the network's structure is genetically encoded, the learning algorithm by which this RESEARCH ARTICLE on July 26, 2012 www.sciencemag.org knowledge has been acquired is natural selection. The structural design must be fault-tolerant in order to allow for developmental error. The continuous distribution of connection strengths in the male posterior connectome suggests a probabilistic mechanism of synapse formation in which each cell pair has a genetically specified probability of forming a synapse. Small evolutionary changes in these probabilities will allow gradual evolution of structural connectivity and hence of network function and behavior. 
